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ABSTRACT 

This paper presents a monolithic implementation of a f u l l y pro­
grammable transversal f i l t e r containing 256 points and operating up to 
clock frequencies of 2 MHz. CCD and l inear MOS c i r c u i t r y have been 
combined to real ise a stable, easy-to-use f i l t e r wi th in a 16 pin DIL 
package. Novel operational ampl i f iers have been developed and are 
combined on chip with the CCD to automatically achieve a l i near , uni ty 
gain t ransfer character is t ic v/hich is independent of process var iat ions 
and is, insensi t ive to parametric d r i f t and supply voltage f luc tua t ions . 

The design of the operational amp l i f i e rs , and of the CCD and l inear 
MOS c i r c u i t r y is discussed. The signi f icance of the device is stressed 
in the pract ica l results which are presented. 

INTRODUCTION 

Of a l l CCD structures for signal processing, the transversal f i l t e r 
has been i d e n t i f i e d as po ten t ia l l y the most powerfu l 1 . The programmble 
transversal f i l t e r then,combines v e r s a t i l i t y with th i s power,and thus 
the production of such a f i l t e r is an extremely desirable goal. However, 
i f th is device is to prove usefu l , then i t is important that as much of 
the peripheral c i r c u i t r y as possible be in tegrated, so that the f i l t e r 
is easy to use. External adjustment is not desirable and should at 
least be l im i ted to once-and-for-al 1 se t t ings . Thus internal biasing 
and chopper-stabi l isat ion techniques must be considered. 

For matched f i l t e r i n g appl icat ions, i t is desirable that as many 
f i l t e r points as possible should be in tegrated, as well as allowing fo r 
devices to be cascaded. 

The f i l t e r archi tecture of Fig. 1 is a d i rec t rea l isa t ion of the 
classical transversal f i l t e r and has been previously reported 2 as 
o f fe r ing a most compact c i r c u i t by v i r tue of i t s s imp l i c i t y . This 
archi tecture has. been fur ther developed to produce a 256 point PTF 
wi th in a 16 pin DIL package. Add i t iona l l y , a novel general purpose 
operational ampl i f ie r has been developed and is used on the chip to min i ­
mise external requirements and thus make the device easy to use. 

CCD 

The signal reg is ter used is a double-polysi l icon gate CCD operated 
essent ia l ly in 1 | phase mode with a f loa t ing-ga te- rese t 3 tap at each 
c e l l , Fig. 2, on a pi tch of 28 ym. To avoid excessive clock breakthrough 
onto the tap, the clock is s p l i t in to two phases, <j> and 4 ' , having the 
form shown in Fig. 3. The s p l i t phase,<f> ' is used to iso late the tap 
wi th in the CCD before & f loa ts the tar j j ind then transfers the charge 
underneath i t . A complementary phase A is used to sample and hold the 
tap output. In th is mode, using 15 V clocks, breakthrough onto the 
taps is l im i ted to 400 mV and a useful, l i near tap signal range of 2 V 
is avai lab le. 
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r^-A ^ lnput is by diode cu t -o f f , although the input gate is made 
considerably smaller than the rest of the CCD in order to minim se 
undesirable charge-par t i t ion ing e f fec ts . The 256 point reg s ter con­
s is ts of two 128 point CCDs combined with a single corner-turning 
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 ?er t a P f°r th is surface- hannel 
Ho msec tf 5 FTJT ^ t ? t a l s t o r a 9 e t i m e t o ^prox imate ly iW msec ( f c = 1 kHz), at room temperature. 

The input is feedback-linearised"using one of the on-chip 

SltMan lT?UpThP
 M 1 e " b y

T

i n

t

c

1 ' u d i n 9 input diode and f i r s t CCD tap 
within i t s feedback loop. In th is way the through gain from signal inDut 
to tap output is automatical ly l inear ised and is forced to unity an 
s icna l 6 l L U l f U ]

 f u t u r e for cascading these devices. For aTv 'p-p 
s gnal. the through gain is uni ty to bet ter than 2% and to ta l harmonic 
d i s to r t i on is below -40 dB. The operational ampl i f ie r automatically 
compensates fo r process of fsets and gain var ia t ions . Clearly th i s 
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MULTIPLICATION 

f i l t e r n l ? n ! e t r a
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n s i s t o r « " 9 MOST mu l t i p l i e r is incorporated at each 
* P°1A\L H - 1 9 n a l 1 5 a p p l l e d t 0 t h e g a t e ' reference to the 
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W = h v s i g v r e f 

The out-where 3M I S the transconductance of the m u l t i p l i e r t rans is to r 
put current is current- to-vol tage converted o f f - ch ip in a sinqle 
co^on-base b ipolar t rans is tor stage. Signal l i n e a r i t y is l im i ted by 
f e d dependent mobi l i ty in the mul t ip ly ing MOSTs to a to ta l harmonic 
d i s to r t i on better than -40 dB fo r signals of 1 V p-p. 

REFERENCE STORAGE AND REFRESH 

Analogue tap weights are stored in a stat ionary array on 1 pF 
capacitors, and are applied to the mu l t i p l i e r t rans is tors through 
source-fol lower bu f fe rs . Update of the array is achieved in a ser ia l 
manner by propagating a logic ' 1 ' along a dynamic d i g i t a l s h i f t register 
This logic pulse enables a series of t rans is tor switches which sample 
analogue reference samples o f f a single reference input bus. 

The reference s h i f t reg is ter may be clocked up to 5 MHz fo r fast 
reference update o r , for convenience, synchronously with the CCD. 

OPERATIONAL AMPLIFIER 

I f operational ampl i f iers are to perform a useful task on-chin t h p n f h o w 

must be compact, se l f -b ias ing and preferrably cho P perUtabi l ise C d h u P sing e n t h e y 

the avai lable CCD clocks. Such an ampl i f ie r has been developed and is 
used twice on th is f i l t e r chip. M 

A diagram of the ampl i f ie r structure is shown in Fig 4 The 
input stage is formed around a switched capacitor d i f f e r e n t i a t i o r 5 , 
which uses the complementary CCD clocks. The output of th is staqe 
feeds a high gain cascode-connected deplet ion-load invertor , which in 
turn is buffered by a simple source fol lower stage. 
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In operation the ent i re ampl i f ier is sv/itched in two phases. 
During one phase an input is sampled and the ampl i f ie r is i n te rna l l y 
reset. During the complementary phase the feedback loop is completed 
and the ampl i f ie r performs the task of equating i t s inputs. The 
advantages of th is ampl i f ie r are i t s s imp l i c i t y (9 MOS t rans i s to rs , 1 
MOS capacitor) and i t s features of automatic se l f -b ias and chopper-
s t a b i l i s a t i o n via the switch M3. No compensation is necessary because 
there is a single dominant pole at the output of the inver tor stage. 
The ampl i f ie r is thus extremely compact, occupying an area of t yp i ca l l y 
100 x 200 vim, or about the size of two bond pads. 

Because these ampl i f iers are designed to se t t l e en t i re l y w i th in 
the duration of each phase, there is no r o l l - o f f in frequency response; 
thus a l l signals up to and including Nyquist are handled equally w e l l . 
The ampl i f iers used on the f i l t e r chip feature open loop gains >40 dB 
and operate successful ly up to clock rates of 2 MHz. The clocked 
nature of the c i r c u i t r y c lear ly makes them sui table fo r general 
appl icat ion in switched capacitor c i r c u i t s . 

DEVICE 

A photograph of the device is shown in Fig. 5, from which i t can 
be seen that the 256-point f i l t e r is formed from two blocks of 128 
points which are mirror-imaged. The chip measures 4.5 mm x 3.8 mm 
(.180" x .150") and thus f i t s into a standard 16 pin DIL package. 
To drive the chip l i t t l e peripheral c i r c u i t r y is necessary; two 
standard CMOS logic packages for c locking, two trimpots (one to 
adjust the signal input and one at the f i l t e r ou tput ) , and a doz­
en discrete components. 

PERFORMANCE 

The device has been tested to clock frequencies of 2 MHz. 
Fig.6 shows a typ ica l output peak obtained by cor re la t ing together two 
ful l -bandwidth chirp waveforms. Note that th is cor re la t ion peak is 
not s i gn i f i can t l y degraded by c t i e f f ec t s , indeed by cascading these 
devices useful peaks may be obtained from chirps having time-
bandwidth products up to 1000. The dynamic range of the cor re la t ion 
peak shown is in excess of 60 dB. 

A fu r ther demonstration of device performance is given in F ig . 7 
which shows the convolution of two square waveforms to produce a 
t r iangu lar f i l t e r output. The qua l i ty of th i s output waveform is 
again of note; dynamic range here exceeds 70 dB. 

CONCLUSIONS 

We have demonstrated how a modern CCD/M0S process may be com­
bined wi th a high degree of design engineering to produce a compact, 
easi ly used programmable transversal f i l t e r . The device has- major 
applications as a matched f i l t e r in l ightweight sonar equipment and 
as part of a s e l f - t r a i n i n g , or adaptive f i l t e r using addit ional 
feedback c i r c u i t r y 0 . The concept of employing such a device wi th in 
an adaptive loop is a powerful one, in that many remaining device 
errors become automatically cancelled. 

I t is possible that the reference loading c i r c u i t r y on th is 
device may be replaced with a mult ipl ier-accumulator structure at 
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each f i l t e r point with no extra penalty in s i l i con area. This w i l l 
make feasible a monolithic adaptive f i l t e r containing up to 256 
points . 
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V 256-Point F i l t e r Architecture Figure 2: Charge Transfer and Tapping 
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Figure 3: CCD Clock waveforms Figure 4: Operational Ampl i f ier 
Architecture 
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Figure 5: Photograph of the 256 point PTF 
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Figure 6: 

Correlat ion of chirp waveforms 
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Figure 7: 

Correlat ion of square waveforms 
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